Current models explaining the establishment and maintenance of social monogamy and polygyny within avian populations typically assume that the reproductive success of polygynous males exceeds that of monogamous males. This assumption is almost always supported when the number of fledglings or recruits to future breeding populations is used to measure adult reproductive success. However, recent studies using DNA markers indicate that simple counts of fledglings or recruits may be a poor estimator of the number of nestlings sired by the social father. In this paper, we compare the number of genetic offspring produced by socially monogamous and polygynous house wren (TrogiodyUs atdon) males in nests at which they were the social father. Polygynous males did, in fact, sire more nestlings in their own nests than did monogamous males. Moreover, although we have not identified the sires of extrapair nestlings, we document that even when all extrapair nestlings in this population are hypotheticaOy assigned to monogamous males, die total reproductive success of polygynous males exceeds that of monogamous males. These results and those of several other recent studies are consistent with the assumption that polygynous males produce more offspring than monogamous males. Key words: DNA fingerprinting, house wren, polygyny, reproductive success, social monogamy, TrogiodyUs atdon. [Bthav Ecol 9:43-48 (1998)] ' I "he selective forces responsible for die evolution and JL maintenance of both social monogamy (Gowaty, 1996) and polygyny within single populations of birds have been the subject of many studies (see reviews by Davies, 1991; Emlen and Oring, 1977; Searcy and 'Vasukawa, 1989). The polygyny threshold model, proposed by Vemer and Willson (1966) and Orians (1969), and its subsequent refinements (e.g., Altmann et aL, 1977; Lenington, 1980) have been the focus of considerable attention. Competing hypotheses have also been proposed to explain die occurrence of polygyny in some species (e.g., Alatalo et aL, 1981; Iightbody and Weatherhead, 1987; Weatherhead and Robertson , 1979) . These models typically assume that polygynous males have higher reproductive success than monogamous males simply because polygynous males possess more nests than monogamous males (Arnold and Duvall, 1994; Davies, 1991; Reynolds, 1996) . Most tests of this assumption have measured reproductive success as the number of nestlings that survive to leave die nest or number of recruits that breed in subsequent populations (Le., apparent reproductive success, sensu Gibbs et aL, 1990; Newton, 1989). Such studies have shown that polygynous males do produce more fledglings or recruits to future breeding populations than monogamous males (e.g., Carey and Nolan, 1975; Catchpole et aL, 1985) .
males. Arak predicted that, as a consequence of this trade-off, levels of extrapair paternity would be greater in die nests of polygynous dian monogamous males and that die reproductive success of monogamous and polygynous males might not differ significantly. In contrast, die genetic-quality hypothesis proposes that females socially paired with high-quality polygynous males may be less likely to participate in extrapair copulations than females paired with lower quality monogamous males; moreover, these polygynous males are predicted to participate in more extrapair fertilizations than monogamous males (Birkhead and Moller, 1992 ). Arak's trade-off hypothesis challenges die traditional assumption that polygynous males sire more offspring than monogamous males, whereas die genetic-quality hypothesis predicts that extrapair fertilizations will increase, rather than reduce, die difference in reproductive success between monogamous and polygynous males. Support for Arak's trade-off hypothesis came from a study of red-winged blackbirds (Agdaius phoenicrus) that found that aldiough the apparent reproductive success of males was positively correlated with the size of their harems, die number of nestlings sired by males was not correlated with harem size (Gibbs et aL, 1990 ; but see Westneat, 1993) . Thus, possessing more nests did not necessarily increase die actual reproductive success of a male. Dunn and Robertson (1993) also supported Arak's ideas of trade-offs for polygynous males in a study of tree swallows (Tac/tycmeta bicoLn) in which monogamous males sired more nestings in their single nests than did polygynous males in their combined nests. These results suggest diat a major assumption about die evolution of social mating systems should be reexamined Gibbs et al., 1990; Westneat, 1993) in additional species.
We used diree different methods to test die assumption diat polygynous male house wrens (Troglodytes atdon) have higher actual reproductive success than monogamous males. Multilocus minisafrllite DNA fingerprinting (Jeffreys et al., 1985; Rabenold et aL, 1990 ) was used in die first of these methods to determine directly the number of nestlings sired by males in a sample of monogamous and polygynous nests. DNA fingerprinting also produced measures of die proportion of all sampled nestlings that were sired by their social father in monogamous, primary potygynous, and secondary polygynous nests; these estimate* were used in the second and third methods to compare indirectly the annual reproductive success of monogamous and polygynous males.
METHODS
House wrens examined in this study bred within the Mackinaw study area in McLean County, Illinois, USA (40°40' N, 88°53' W) (see Thompson, 1988, 1991) . The 585 nearly identical nestboxes at this site were monitored at least twice weekly from May to August in 1991-1993 to determine the day the first egg was laid (egg-1 day), the day die first nestling hatched (brood-day 0, sensu Harper et aL, 1992) , and the day the last nestling was seen in each nest (termination date). We counted nestlings in all nests on brood-day 12 or 13; any nestlings found dead in the nest after all surviving nestlings had left die nest (usually brood-day 14-17) were subtracted from this count to determine die number of nesdings surviving to leave each nest (•» apparent reproductive success).
We captured die social parents at each nest and uniquely banded them. Adult females were marked with a U.S. Fish and Wildlife Service aluminum leg band; males received diree color bands in addition to die aluminum band. Visual sightings of male color-band combinations documented that the correct social father was identified at each nest. Additional details concerning die study site and general field method* are available elsewhere Thompson, 1988, 1991; Finke et al., 1987; Soukup and Thompson, 1997) .
DNA fingerprinting
Blood samples (about 50 \il) from die brachial veins of die putative parents and nesdings (brood-day 7-15) at 146 house wren nests provided DNA for genetic analyses. We focused our blood sampling efforts on specific regions of die study area (tiiese regions varied across years) and attempted to sample die putative parents and nesdings at all nests within diese regions. In addition, in 1992 and 1993, we sampled some polygynous nests located outside of diese focal regions to increase die sample size of polygynous nests. Although house wrens are multibrooded (Drilling and Thompson, 1991) , logistic constraints prevented us from sampling all nests of all sampled social fathers during each breeding season.
Blood samples were placed in miexofuge tubes containing eidier phosphate-buffered saline (PBS; 1991 samples; Rabenold et al., 1990) or Longmire's lysis buffer (Longmire et al., 1988) plus 0.02% sodium azide (1992-1993 samples) and were stored at 5°C until DNA was extracted. We obtained highquality DNA using both buffers. To ease DNA extraction, samples were supplemented with 200 |ig proteinase K and sodium dodecyl sulfate (SDS) to 0.75% and dien incubated overnight at 55°C. We extracted DNA using two phenol extractions, two phenol-chloroform-isoamyl alcohol (25:24:1) extractions, and one chloroform-isoamyl alcohol (24:1) extraction. Four dialysis baths further cleaned DNA samples.
We performed multilocus minisatellite DNA fingerprinting (Jeffreys et al, T3S5; RaiSenoW et al, r9 §6) to detMiRW©.parentage using die DNA extracted from diese samples. We digested 5 |ig of each DNA sample using 5X excess Hadll. Digested DNA was electrophoresed through a 0.8% agarose gel (22 cm lengdi) in IX TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0) at 20 V for 65 h. Soudiern blotting transferred DNA from die gels to a nylon membrane. Mem-branes were pre-hybridized for approximately 3 h at 62°C in 1J5X SSC, 0.1% SDS, 5X Denhardt's solution, and 6% w/v polyediylene grycol; hybridization widi die radiolabeled minisatellite probe ptr (Shin et aL, 1985; Westneat, 1993) or M13 (Westneat, 1993) occurred overnight in die same solution. After washing die labeled membranes, we exposed diem to Kodak X-omat AR film to produce DNA fingerprints. All membranes were probed first widi ptr and dien reprobed widi M13.
Two different scorers analyzed die DNA fingerprints from each nest, and die band-sharing values of diese scorers were highly significandy correlated (p < .001; Soukup and Thompson, 1997). Bands were considered to be shared by two birds if die bands' migration distances differed by no more than 0.5 mm (band center to band center) or if dieir intensities varied by no more dian approximately twofold. We considered any nestling fingerprint bands diat were absent from die putative parents to be novel fragments. Although a small number of novel bands may be generated by mutation or scoring error, a large number of novel fragments suggests diat one or both of die putative parents is not an actual parent (Westneat, 1990) . Additional information about relatedness was obtained by <*vTiTniTiing the proportion of bands shared between each nesding and its putative parents. We calculated this band-sharing value at twice die number of bands shared divided by die total number of bands in die two birds (Wetton et aL, 1987) . The relationship between die total number of novel fragments and die band-sharing values for each putative parent/offspring comparison revealed whether die social parents were die genetic parents (Iifjeld et aL, 1993; Westneat, 1993). Specifically, in another paper (Soukup and Thompson, 1997) we document diat offspring widi a large number of novel fragments had low levels of band sharing widi putative fadiers, providing evidence diat extrapair fertilizations, not intraspecific brood parasitism, were responsible for all excluded house wren nesdings. For additional details about die DNA fingerprinting in this study, see Soukup and Thompson (1997) .
Social mating oyst* idreprod.
Because house wrens in central Illinois are multibrooded, many males in this population were die social parent at more dian one nest during a breeding season (Drilling and Thompson, 1991); die mean number of nests per breeding male in diis population from 1991 to 1993 was 136 ± 0.73 (SD; n « 698 males). If two nests shared die same social fadier and die termination date of die earlier nest was later dian tile egg-1 date of die second nest, die first nest was defined as a primary polygynous nest and die second as a secondary polygynous nest. If a male had two or more social mates during a breeding season but none of die nests of diese females overlapped temporally (as defined above), we defined diese nests as monogamous nests and considered this an instance of serial monogamy in our analyses. We employed three different methods to compare die reproductive success of monogamous and polygynous males. 9.9 ± S3 (19) 10.9 ± 3.7 (33) 9.5 ± 3.9 (32) 5.1 ± 3J 5.6 ± 3.1 4.8 i 3.1 9.0 ± 2.9 9.8 ± 3.2 8J ± 3.5 5.6 ± 3.3 6.3 ± 3.1 5.4 ± 3.1
Sample sizes for monogamous and polygynous males (in parentheses) are the same for the apparent, estimated within-pair, and inflated categories.
Direct comparison of wtthin^patr reproductive succtu at first rusts
We used DNA fingerprinting to measure directly the withinpair reproductive success of a sample of males at their first nests of the breeding season. Fingerprinted males whose first nest of the breeding season was classified as monogamous (n = 83) as well as males whose first two nests of the season were classified as polygynous (n -10) were included in this sample. Although this analysis examined only the first nests of these males, 54.9% of these monogamous males and 70% of these polygynous males were the social father at additional nests during the breeding season (many of which were not fingerprinted). The within-pair reproductive success of monogamous and polygynous males from these first nests was compared using WUcoxon two-sample tests (NPAR1WAY procedure; SAS Institute, 1985).
Estimated annual within-pair reproductive success
We used the apparent reproductive success (see "General field procedures") of the complete sample of 1991-1993 nests on the Mackinaw study area (including nests that were not fingerprinted) in our estimation of the annual within-pair reproductive success of all monogamous (n ** 614) and polygynous (n " 84) males in the population. When examining this annual production of offspring, we considered a male to be potygynous if any of his nests for the entire year were defined as polygynous nests (i.e., even if the polygynous male had additional nests within the same breeding season that were classified as monogamous). Annual within-pair reproductive success was estimated by multiplying the apparent reproductive success of the male at each of his nests by a measure of the overall proportion of nestlings in the population that were sired by their social fathers. A different estimate of this proportion was used for monogamous, primary polygynous, and secondary polygynous nests. Specifically, the complete DNA fingerprinting data set (n =• 146 nests) revealed that 478 of the 516 nestlings in monogamous nests (n = 96 nests) were sired by the social father at the nest (proportion = 0.926). The proportion of nestlings sired by the social father in primary nests of polygynists was 0.950 (151 of 159 nestlings in 29 nests) and in secondary nests of polygynists was 0.826 (95 of 115 nestlings in 21 nests; see also Soukup and Thompson, 1997) . A male's apparent reproductive success at each of his nests was multiplied by the appropriate value above to estimate his within-pair reproductive success at each nest. A male's annual production of genetic offspring within his own nests was then estimated by aHHjpg these values for all of his nests for the entire breeding season.
This method of estimating reproductive success has the drawback of eliminating all variance in the proportion of within-pair nestlings in the nests, since this proportion is treated as a constant for each nest type. Some variability in the proportion of nestlings in each nest that were sired by the social father did exist in the population, however. The mean proportion of within-pair nestlings per nest (± variance) was 0.92 (± 0.03) for monogamous nests, 0.95 (± 0.01) for primary polygynous nests, and 0.80 (± 0.09) for secondary polygynous nests. These values differ slightly from those used to compute estimated annual reproductive success because these values were computed by examining the proportion of nestlings sired by the social father within each nest rather than within the population of sampled nestlings as a whole. We chose not to use these average "per nest" values to estimate annual within-pair reproductive success because these proportions are biased by the small, discrete clutch sizes (modal clutch size " 7) of house wrens.
We compared the estimated annual within-pair reproductive success of socially monogamous and polygynous males, using two-way analysis of variance, with male social mating system and year as main effects (GLM procedure; SAS Institute, 1985).
Inflation of the within-pair rtproductwe success of monogamous males
The measures of within-pair reproductive success computed in this study may underestimate a male's actual genetic contribution to the next generation because a male's total reproductive success also includes any nestlings he sires in the nests of other males. Although we have not identified the sires of nestlings derived from extrapair fertilizations, we investigated how our results would be affected if we assigned all extrapair nestlings in this population to socially monogamous fathers. This situation is unlikely to occur in natural populations (see Discussion) but is informative here because it minimizes the difference between the total reproductive success (including within-pair and extrapair components) of monogamous and polygynous males. We estimated the total number of extrapair fledglings produced in 1991-1993 by multiplying each sample size by the mean apparent reproductive success of monogamous and polygynous males (see Table 1 ). For example, 1398 house wren fledglings were produced in 1991. From this value we subtracted the estimated number of these fledglings that were offspring of social fathers (computed in a comparable fashion using estimated within-pair reproductive success) to obtain an estimate of the number of extrapair fledglings produced (e.g., 105 extrapair nestlings in 1991). To dmiilaty the extreme situation in which monogamous males sired all of these excluded fledglings, we divided the number of extrapair fledglings by the number of monogamous males for each year and added this value to the estimated within-pair reproductive success of each monogamous male (an addition of 0.48 fledglings per male in 1991; see Table 1) Realized Reproductive Success of monogamous males with the estimated within-pair reproductive success of polygynous males.
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RESULTS
Direct comparison of within-pair r first nests
Fingerprinted males whose first nest of the breeding season was a monogamous nest sired a median number of 5 nestlings (interquartile range = 4-6) in this first nest, whereas polygynous males sired a median number of 11.5 nestlings (interquartile range = 7-12; Figure la ) in their combined primary and secondary nests. Thus, the within-pair reproductive success of monogamous and polygynous males in their first nests of the season differed significantly (z -4.14; p -.0001).
Estimated annual within-pair reproductive success
The mean annual values of apparent and esdmated withinpair reproductive success of socially monogamous and polygynous males are presented in Table 1 . Polygynous males ob-tained significantly greater estimated within-pair reproductive success than did monogamous males (F 1-aB , =» 106.02; p = .0001; Figure lb) . There was also a significant year effect in this analysis (F,^ => 3.08; p -.05), although the interaction between male social mating system and year was not significant (F xm = 0.15; p = .86).
eprodnc* of
Inflation of die within-pair i monogamous males
Our original estimates of within-pair annual reproductive JUCcess may underestimate a male's genetic contribution to the next generation because we do not know which males sired extrapair fledglings. When we investigated how our results would be affected if we assigned all extrapair nestlings to socially monogamous fathers (Table 1) , polygynous males still had significantly greater estimated annual reproductive success dian did monogamous males (mating system effect F lja!tt = 76.98, p =• .0001; year effect: f^ = 3.47, p -.03; interaction: F xw? -0.10, p » .90).
DISCUSSION
Polygynous male house wrens had significantly greater reproductive success in this population than did monogamous males. This was true even when all extrapair nestlings were hypothetical^ assigned to socially monogamous fathers, dearly, not enough extrapair nestlings occur in this population, regardless of their origin, for monogamous males, on average, to overcome the large difference between monogamous and polygynous males in the number of fledglings sired in thennests. Moreover, it is unlikely that monogamous males obtain all extrapair fertilizations in this population; studies of other species have disproportionately identified polygynous males as the actual sires of extrapair nestling! (Bollinger and Gavin, 1991; Kempenaers et aL, 1995; Westneat, 199S) . This suggests that the reproductive success of polygynous male house wrens is likely to be further enhanced, not reduced, by their success at obtaining extrapair fertilizations. These results do not support Arak's hypothesis that costs to polygynous males of simultaneously tending two females and their nests are sufficient to lead to equal reproductive payofls for monogamous and polygynous males. However, in a related paper we present evidence that polygynous male house wrens do experience some trade-offs between guarding their secondary female and tending their primary nest (Soukup and Thompson, 1997) . Specifically, polygynous male house wrens experience reduced paternity in their secondary nests, and the extent of paternity loss in secondary nests increases as the amount of temporal overlap between primary and secondary nests increases (Soukup and Thompson, 1997) . However, these costs to polygynists are not sufficient to reduce the reproductive success of polygynous males to the level of monogamous Tn?HfT Few studies have explicitly compared the actual reproductive success of socially monogamous and polygynous males. However, in European starlings (Sturnus xwjgaris), polygynous males produced significantly more genetic offspring in thencombined nests than did monogamous males in their single nests (Smith and von Schantz, 1993) . Additional studies have indirectly compared reproductive success among social mating systems by examining the frequency of extrapair nestlings produced in monogamous, primary polygynous, and secondary polygynous nests (Freeland et al., 1995; Kempenaers et al., 1995; Pinxten et al., 1993) . In these studies, polygynous males typically sired more than 90% of nestlings in one of their nests and at least some nestlings in their remaining nests. When a polygynous male sires most nestlings in at least one of his nests, his within-pair reproductive success in his combined nests equals or exceeds that of a monogamous male's single nest (Freeland et al., 1995; Kempenaers et aL, 1995) . Only in tree swallows Lifjeld et al., 1993) did polygynous males sire so few nestlings in both their primary and secondary nests that the within-pair reproductive success of monogamous males exceeded that of polygynous males. However, this failure of polygyny to be advantageous to males seems not to be true in all populations of tree swallows Lifjeld et al., 1993) .
With more data now available on actual, as opposed to apparent, reproductive success in polygynous species, it is clear that polygynous males typically sire more nestlings than monogamous males during a breeding season. Although additional studies on more species will be useful for further clarifying the relationship between social mating systems and extrapair paternity, the assumption of models of the evolution and maintenance of social mating systems that the reproductive success of polygynous males is greater than that of monogamous males appears to be generally valid.
